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A. Iarrobino* and J. Emsalem
August, 1976 Paris

Summary

We exhibit Artin local algebras A, quotients A = R/I of the power
series ring R = k[[x,,...,x/]], having very small tangent space
Hom(I, A), and hence having as flat deformations (nearby algebras)
only other algebras of the same type, and same kind. Here, by the
type of A, we mean the sequence of integers T = t,,.. ., t;, ... where
t; = dimy A,, the size of the ith homogeneous piece of the associated
graded algebra A* of A: the type is just the Hilbert function or
characteristic function of A with respect to its maximal ideal. We
would like to leave the notion ‘“‘same kind” vague, to stimulate the
imagination of the reader, but for the second half of the paper, it
means ‘“‘Gorenstein algebra’.

We study also the family of those zero-dimensional Gorenstein
algebras, quotients of R, having a certain maximal type T, and show
the family is an irreducible variety of which we parametrize an open
dense subset. We show that for some types T, these Gorenstein
algebras have, in general, no deformations to k[x]/x"; for some T
they have in general, no deformations to the trivial algebra
kP - - - P k; and we indicate why for certain T, these algebras ought
to have deformations only to other Gorenstein algebras of the same
type.

When k = C or R, the nontrivializable algebras correspond to stable
maps germs F:(C",0)—>(C™0), (or (R",0)—>(R™ 0)) where the local
algebra A of F is finite of length n, but where nearby map-germs F,
must have less than n points in F;'(0): there are less than n-sheets
over a neighborhood of 0 in C™, in all map-germs F, close to F.

* Supported 1975-76 by C.N.R.S. exchange fellowship in France.

145



146 A. Iarrobino and J. Emsalem 2]

Table of Contents

1. Deforming Artin local algebras — introduction 146
1.1. Three problems and three viewpoints 147
1.2. Examples of “‘generic” Artin algebras 150
1.3. Overview 152

2. Graded algebras with small tangent space 154
2.1. Conditions satisfied by the degree —1 tangents 155
2.2. Example of a length 8 algebra having as deformations only other algebras

of the same type 158
2.3. Ideals generated by vector spaces of degree j forms 161

3. Gorenstein algebras with small tangent space 164
3.1. Gorenstein algebras of type T =1,r,r,1 166
3.2. A Gorenstein algebra of type T =1, 4, 4, 1 having deformations only to

other Gorenstein algebras of the same type 168
3.3. Parametrizing Gorenstein algebras of symmetric, maximal types 171
3.4. Some Gorenstein algebras that should be generic - presentation and

tangent space of Gorenstein algebras having symmetric maximal type 179

Appendix: Comparison of two parametrizations of finite length semi-local al-
gebras 182

1. Deforming Artin local algebras — Introduction

We suppose R =k[[xy,...,x,]] is the ring of power series, R’ =
k[xi, ..., x,] is the polynomial ring in r variables, and that the algebra
A=R/I=R'II" where (x1,...,x,)DI' D(x,,...,x,)" is an Artin local
algebra of length n. We can think of A as the local ring of a finite map
germ, as an algebra, or as the ring of a thick point —a singular (when
n > 1) zero-dimensional subscheme Spec A concentrated at the origin
of affine r-space Spec R'.

In §1.1 we give equivalent topological, algebraic, and geometric
viewpoints on the three problems, whether there exist flat defor-
mations of A to kP - - - P k, to k[x]/x", and to algebras of type-kind
different from that of A. We also give a short history of the problem.
The type of the algebra A is the sequence of integers T = t,,.. ., ¢t;, ...
where t; = dimy A;, the size of the ith homogeneous piece of the
associated graded algebra A* of A: the type is just the Hilbert
function or characteristic function of A with respect to its maximal
ideal.

In §1.2 we sketch our method for showing type 1,4, 3,0 algebras
have in general no deformations to any algebras of different type than
A (and in particular none to k[x]/x" nor to k@ - P k); and we
survey the results of the paper. Then in §1.3 we give an overview
comparing the situation in deformation Artin algebras to that known
for deforming Lie algebras, and we introduce the sections following.
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1.1. Three problems and three viewpoints

We give three almost equivalent viewpoints on the 3 problems of
deforming the finite local algebra A of length n to k& :--- Pk (n
copies), to k[x]/x", and to algebras of kind or type different than A.
Thus, questions 2a, 3a are equivalent, and when k=R or C, the
answer ‘‘yes” to question la implies “yes” to questions 2a, 3a. For a
more detailed discussion, see the Appendix.

1. Topological

la. There are nearby germs with n sheets. Suppose k =C or R and
A is the local algebra at the origin of the finite stable map germ
F:(C",0)>(C™0) or (R",0)=(R™ 0). Are there small deformations
of F to F; such that for U, a small enough ball around 0, there is a
ball B; around 0 in R' or C' such that for t € B, the equation F, =0
has n distinct solutions in U,? Equivalently, are there map germs near
F having n sheets over a well-chosen neighborhood of 0 in C™? (Of
course, there are many stable map germs F having A as local algebra;
we assume one such F has been chosen.)

1b. Aligning. Are there small deformations of F to F, such that
there is one solution p, = F;(0) to F, =0 in U., and such that the
local algebra of F, at p is isomorphic to k[x]/x"?

1c. The type of A changes along the flat locus. Are there small
deformations of F to F, such that there is EITHER more than one
solution to F,=0 in U, but the sum of the lengths of the local
algebras of F, at these solutions remains n, or there is only one
solution p, to F, =0 in U, the local algebra A’ of F at p, has length n,
but the type or kind of A’ is different from that of A?

The statement la is purely topological; we don’t know if the
statements 1b or 1c are.

2. Algebraic

2a. Trivialization. Does the algebra A have a flat deformation to
k@ - - - @ k? Here we mean a deformation of the structure constants
giving the multiplication in A.

2b. Deformation to the simplest Artin algebra. Does the algebra A
have a deformation to k[x]/x"?

2c. The algebra is not almost-generic. Does A have EITHER a
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deformation to an algebra A’ that is not local, or a deformation to a
local algebra of type or kind different from that of A?

3. Geometric

3a. Smoothing. Is there a flat deformation of the thick point
Spec A in affine r-space A, to a smooth subscheme Spec A, or A,?
For t# 0, Spec A, would consist of n distinct points, p(t),..., p.(t)
each of multiplicity one, and the algebra A, = (R'/IIm,)) where m,,
is the maximal ideal of p;(¢) in R’.

3b. Aligning. Is there a deformation of Spec A to Spec A'=
Spec(R'[(xy, . . ., x,—1, x3))? (The thick point Spec A’ consists of the
origin 0 of A, with an infinitesimal tangent line of order n in the
x,-direction. When a function f of R’ is evaluated at Spec A’, one
obtains its value and that of its first n — 1 partial derivatives in the x,
direction, at the origin.)

3c. The thick point is not almost-generic. Is there EITHER a defor-
mation of Spec A to a subscheme of A, not concentrated at a single
point, or to a subscheme of different type at 0, or deformations to at
least two different generic subschemes of A,? (An almost-generic
thick point Spec A will have deformations only to other thick points
of the same type, and the point z parametrizing Spec A will lie on a
single component of the Hilbert scheme Hilb" A,.)

Notice that the algebra k[x]/x" has the deformation k[x]/(x" —1t)
which is isomorphic to k@ - - - @ k when t# 0, since then x" — ¢ has n
distinct roots. We do not know whether conversely the local algebra
A being trivializable implies it has a deformation to k[x]/x".! Thus an
answer ‘“yes’ to questions 1b, 2b, 3b implies “yes” to questions la,
2a, 3a, respectively.

Our viewpoint is geometric. The problem of deforming zero
dimensional singular subschemes of A, is interesting for two reasons:

1. There is a rumor that the problem of deforming s-dimensional
schemes Y® in X' is related to that of deforming zero-dimensional
schemes in an (r — s) dimensional variety: it is embedding codimen-
sion that indicates the difficulty. Work of Schaps concerning the
Cohen-Macaulay subschemes of codimension 2, the example of
Mumford of an irreducible reduced curve in P* having no nonsingular
deformation; and when X" is regular local, the result of Buchsbaum—

' (Added in proof) Kleppe [27] shows the converse is false: he shows every 3-generator
Gorenstein algebra is trivializable; but Theorem 3.35 shows not all these have a
deformation to k[x]/x".
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Eisenbud concerning the Pfaffian structure of height 3 Gorenstein
ideals, bear out the rumor.

ii. There is a scheme Hilb" A, parametrizing the length n zero-
dimensional subschemes of A, We use the tangent space Hom(I, A)
to the point z in Hilb" A, parametrizing the subscheme Spec A =
Spec R'/I, to study the deformations of A.

We now give a short account of previous work. For 2-generator
algebras, Hartshorne (unpublished), then Fogarty (1968) [8], Schaps
(1970) [21], Briangon-Galligo (1972) [2], and Laksov (1975) [17] all
gave various explicit deformations of A to k@ - - @ k. Briangon
then showed in 1972 (see thése, 1976) [1], that 2-generator local
algebras A have deformations to k[x]/x", when k is algebraically
closed. J. Briangon and J. Damon remark that work of Levine-
Eisenbud shows the topological degree of the mapping, R*— R? given
by (xy, x** — y**) has absolute value 2; and the degree of the mapping
(y, x****) is 0; hence R[x, yl/(xy, x> —y?) has no deformation to
R[x1/(x*****). Damon-Galligo used the trivialization result in 1975 to
show that the type of a 2-generator algebra A is a C° invariant for a
C” stable map germ F having discrete algebra type of which A is the
local algebra. (See aiso (Damon [2] and [4]) where these results are
extended.)

For r-generator algebras, Damon-Galligo have exhibited certain
algebras A = R/I where I is a tower-like ideal, having trivializations
(1975). On the other hand, in 1972 Iarrobino exhibited a nontrivializ-
able local algebra: the argument was that the dimension of a certain
family of algebras (computed via Hilb" A,) is larger than the dimen-
sion rn of the open set U in Hilb" A, parametrizing trivial algebras.
For comparison here, we summarize that example: suppose r =3 and
consider the family of algebras {Ay = R/(V, m™")} where V is a vector
space of degree j forms having size dim V = #Rj/2, half the size of
the space of all degree j forms in R. (We will use throughout #S to
denote the vector space dimension of S over k.) The dimension of the
family {Av} (the number of parameters) is dim Grass(#R;/2, #R) =
(#Rj/2y’=c(j"")>. The length n of each algebra Ay is n=
(#Ry+ - - - + #R;_; + #R[2)=c'j". Thus the dimension of the family is
(c"n*¥"y> (rn) when n =3 and n is large; hence the general algebra
of the family cannot be trivializable since the dimension of U
parametrizing sets of n distinct points in A, is only rn. The existence
of such nontrivializable algebras with 3 generators also implies the
existence of ‘‘generic’ local algebras with 3-generators, for which the
answer to questions 1c, 2¢, 3c is “no”’: the subscheme parametrized
by a generic point z of a component of Hilb" A, other than U is a
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family of sets of thick points and points; the algebra A corresponding
to one of the thick points will be “generic” and local (an ‘“‘elementary
component” of Hilb" A, in the language of [14]). However, till now,
there were no specific examples known of such “almost generic” or
generic algebras.

1.2. Examples of ‘“‘generic’ Artin algebras

We here give two specific examples of such “generic” algebras —in
lengths 8 and 10, and for r = 4; and we indicate, identify, many more
such components, up to a verification of the independence of certain
linear conditions that we describe. The only method we’ve so far
found to verify the independence of the linear conditions is to
calculate them, and we verified the two simplest examples (where one
might expect the conditions to be most degenerate). Our method is to
bound the size of the tangent space Hom(Z, A) to Hilb" A, at a point z
of Hilb" A, parametrizing a local graded Argin algebra A = R/I; we
show that for certain types of algebras A the tangent space is so small
that the only deformations of A are other algebras of the same type.
The two explicit examples are

1. Algebras of type 1,4,3,0 generated by 7 general enough
quadratic forms in 4 variables.

2. Gorenstein algebras of type 1,4, 4,1 generated by 6 polynomials
of order 2 in 4 variables.

Precisely speaking, a generic algebra B of type 1,4, 3, 01is B =
klx,y, z, wl{a;D/(gi1, - .., 87), where {aijl=i=<7, 1=j=3) are 21
variables and g; = u; + auz® + apzw + apw?, with uy, . .., u; = x2, xy, xz,
xw, y2, yz, yw respectively. We prove any deformation B’ of B has in
turn B as a deformation; and B is parametrized by a generic point of
a component Z of the Hilbert scheme Hilb" A4 parametrizing length 8
zero-dimensional subschemes, of affine 4-space; the component Z
parametrizes only ‘‘thick points’ — or in other words, singular length 8
subschemes concentrated at some point of A, Thus Spec B is a
“generic”’ 0-dimensional singular subscheme of A;. An almost generic
algebra A of type (1,4,3,0) is for us a quotient A = k(x, y, z, w)/I
“close to” a generic algebra, in the sense A has deformations only to
other algebras of the same type and kind. The point parametrizing A
lies on a single component Z of Hilb" A,, and an open subset of Z
parametrizes only ‘“thick points” of the same type as A; the
coefficients of (fi, ..., f;) defining I are in k. A generic point of the
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component Z parametrizes a generic algebra B of type (1,4,3,0),
which is a deformation of A. We will use these words henceforth
somewhat loosely; in particular we’ll employ ““‘generic’ with quotes to
mean almost generic.

These examples are not rigid, since there are moduli for the
isomorphism classes of these algebras; we do not know if there exist
rigid finite Artin algebras. Our method depends heavily on a natural
gradation of the tangent space Hom(I, A) when I is graded, described
and used by M. Schlessinger in (Schlessinger, 1973 [23]). We believe
that this dependence of our simple method on this graded structure is
what prevents our detection by it of “‘generic’ algebras in 3 variables,
(which are certainly not homogeneous, and which will require a
somewhat finer method). However, there is evidence that over a
closed field, 8 is very likely the smallest colength in which such
“generic” local algebras exist: algebras of length no more than 5 have
trivializations; algebras of length 6 and most types do (it remains to
check the type 1,3,1,1); algebras of length 7 and types 1,4,2 or
1, 3, 3 (the types where there are moduli of isomorphism classes) also
have trivializations (see [7]).

Our argument proving genericity for the 1,4, 3, 0 algebras is simple:
suppose I is an ideal generated by 7 quadratic forms in R, and that
E—> F—>1-0 is the beginning of a free resolution 3f0r I over R; then
there are graded maps Hom(Il, A)->Hom F, A— Hom E, A such
that Hom(/, A) is the kernel of 0. The zero part Homy(I, A) of the
tangents correspond to choosing a slightly different set of 7 quadratic
forms; the positive part is 0; we show using the sequence that if I is
sufficiently general, Hom_ (I, A) is 4-dimensional, just large enough
for the trivial tangents corresponding to the 4 independent partial
derivatives; we prove a general lemma showing that then also
Hom_,(I, A) = 0. It follows that for linear (tangent) reasons only, the
ring A has deformations only to other rings of the same type. The ring
A=R/I, with I = (fi,....f)=(*+2z% xy +w?, xw, xz+ wz, y>+ 2%,
yw, yz + w?) is general enough to “work’” here. We then generalize,
but show something weaker; if I is the ideal generated by d forms of
degree j in r variables, where d,j and r are chosen properly, then
(dimy(Hom_,(E, A)) + r) = dim(Hom_,(F, A)): there are enough
conditions, if independent, to ensure the ring A has deformations only
to other rings of the same type.

Our argument for the Gorenstein 1,4,4,1 algebras is similar. We
begin with a graded 1,4, 4,1 Gorenstein algebra A = R/I; we show
that the zero part Homg(I, A) corresponds to choosing a slightly
different graded Gorenstein algebra; the positive part Hom,(I, A)
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corresponds to choosing a non-graded Gorenstein algebra A’ having A
as associated graded algebra, and we show that if I is general enough,
the negative part Hom_,(I, A) consists only of the trivial tangents. The
graded Gorenstein algebra A=R/I, with I=(f,...f¢=
(yz—x*—w? xz—y*—w? wz—x*—y% yw—=2x>-22 xw—-2y*—z%
xy —2w?— 2% is general enough to work here: thus, it has as defor-
mations only other Gorenstein algebras (not necessarily graded) of
the same type 1,4,4, 1.

We then generalize, as before, to the largest Gorenstein algebras
having symmetric type T, socle of degree j and r generators. First, we
show the family Gor T C Hilb" R of such algebras is irreducible, and
generically rational, of a dimension we calculate. (Theorem 3.34.) To
prove this, we show the open subset 7 '(G Gor T) parametrizing
those algebras quotients of R whose associated graded algebra is
Gorenstein, is in fact a locally trivial fibration 7: 7 'G Gor T —
G Gor T with fibre an affine space, over G Gor T, parametrizing the
graded Gorenstein algebras of type T (Lemmas 3.3A and 3.3B). The
variety G Gor T is itself an open set in the projective space P(R;)
(Theorem 3.31). The dimension calculation shows that for r =8 and all
j, or for r=4 and j=9, the general Gorenstein algebra of type T is
not smoothable. (Theorem 3.35.) We then in section 3.4 extend the
argument of section 2, and indicate for which types one might expect
to prove genericity using the method of small tangent spaces.

1.3. Overview

Our work shows that there is a similarity in the structure of
SLalg(k") parametrizing semilocal commutative algebras, and the
structure of Lie(k") parametrizing Lie algebras of length n, as sum-
marized for example in the thése of Monique Levy-Nahas: different
“kinds” of algebras determine the generic points of components of
the parameter variety. (See Monique Levy-Nahas [18], M. Vergne
[25].) It’s just a matter of finding the right “kinds” to accurately
describe the components. Perhaps this search will suggest new ways
of divying up the finite commutative algebras, into kinds other than
“type T”, or “Gorenstein of type T”. Our work also indicates that
there are two elementary components of Hilb™ As, hence that the
number of components of Hilb” A5 grows exponentially with n. (See
[14].)

We should like to thank B. Teissier, B. Bennett, M. Schlessinger,
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D. Trotman, and J. Mather for discussions and encouragement, D.
Laksov for a critical reading, M. Levy-Nahas for inspiration through her
results on Lie algebras, and people of the Lé-A’Campo seminar for
whom we prepared a first version. The first author was supported by a
CNRS exchange fellowship in France during this work.

We now outline the sections. In section 2.1 we give our main
argument on smallness of the tangent space for the case A= R/I,
where I is generated by the elements of a d-dimensional vector space
of quadratic forms. We then calculate the pairs (d,r) where the
argument should work. We give the example in section 2.2 -a cal-
culation of the independence of the 24 conditions in 28 unknowns
arising in the simplest case of algebras of type 1,4, 3, 0. In section 2.3
we generalize the discussion of §2.1 to vector spaces of degree j
forms, when r is large compared to j. We also show that if
Hom_,(I, A) has dimension r, and I is general enough, then all the
negative part Hom_(I, A) vanishes (Lemma 2.31).

In section 3.1 we give our argument for the Gorenstein algebras of
type 1,r,r,1 when r=4. In section 3.2 we give the calculation of
independence in the simplest algebra we found that works for r =4.
Verifying the example involves finding the somewhat complicated
relations between the 6 generators of a graded type 1,4,4,1 Goren-
stein ideal I, then showing the nonsihgularity of the appropriate
20 X 20 matrix: the key is to choose an ideal I symmetric enough so
that the relations can be hand-calculated, but general enough so that
the conditions we use are independent. Then in section 3.3 we discuss
the Gorenstein ideals of thin symmetric type T, showing their exis-
tence (Theorem 3.31), parametrizing them (Lemmas 3.33A and 3.33B,
Theorem 3.34), and showing their nonsmoothability for large r
(Theorem 3.35). We then in section 3.4 study their tangent space,
comparing the sizes of Hom(F, A) and Hom(E, A) in Theorem 3.36.
In these more complicated algebras, we need to use more of the
presentation, to estimate the tangent space. Section 3.4 is conjectural,
depending on an assumption concerning the presentation of the
general Gorenstein algebra of type T.

Finally, in an appendix, we give the relation between dim Alg T and
dim Hilb T, the dimensions of the parametrizations by structure
constants and by the Grassmanian, of Artin local algebras of type T.
We do this mainly to clarify the relation between these two
parametrizations. One application of the appendix is that the known
bounds on dim Hilb" A, (See [14]), [12]) determine bounds on
dim SLalg,(k").
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2. Graded algebras with small tangent space

We consider rings A = R/I where I is the ideal generated by a
sufficiently general d-dimensional vector space V of quadratic forms
in the power series ring R = k[[x,, ..., x,]] of dimension r>2. We
give a plan of argument showing that if d is well chosen for r, these
rings A have no rigid deformation (and in particular they have no
smooth deformation). The only deformation of such rings A, in cases
where the argument can be carried out, will be algebras A’= R/I’
where I' is generated by another d-dimensional vector space of
quadratic forms in R. If E—» F—I—-0 is the beginning of a minimal
free resolution of I over R, we may assign degrees to the basis
elements of F and E such that the maps have degree 0. We also can
grade Hom(F, A), Hom(E, A), and Hom(I, A): we say t € Hom(F, A)
if degree t(f)=degree f+s when f is ‘“homogeneous”. Then
0: Hom(F, A)>Hom(E,A) is a graded map with Kkernel
Hom(I, A), and the first order deformations T'(A) are just
Hom(I, A)/A(d/dx,, . .., /dx,). The argument is simply that if V is not
too special the linear conditions #(t) = 0 determining the degree —1
part T',(A) of the first order deformations, ought to be irredundant.
If so, and if the dimension d of V is well chosen, the —1 part of
Hom(I, A) contains only the trivial tangents, the —2 and positive parts
vanish, and the degree 0 part comes from deformations of the
generators of I to other generators of the same degree. Hom(I, A) is
the tangent space to the point z parametrizing I on the Hilbert
scheme parametrizing ideals in k[x;,...,x,]; we can explicitly
describe there all the deformations producing degree 0 elements of
Hom(7, A) or producing the trivial degree —1 elements; and there is
no room in the tangent space for extra deformations. Thus the algebra
A will be “generic”. The quotients of R that are deformations of A,
will be described by an open U in the Grassmannian Grass(d, R,)
parametrizing all d-dimensional V in R,. The component of Hilb" A,
including a point z parametrizing A, will contain the open set U X A,,
and will be smooth and reduced at its generic point. Of the coor-
dinates in U, there are (r’—1) parameters of Pgl(r—1) acting on
Grass(d, R;), and the rest (d(cod V)—(r*—1)) are the moduli of
isomorphism classes of algebras A’ of the same type near A. The
closure U X A, in Hilb" P, will be an example of an elementary
component of Hilb" P, — one parametrizing only irreducible 0-dimen-
sional subschemes of P, (see [13]). (Here the colength n is 1+ r+
cod V.) The dimensions d that work ought to be all those between
about 3 the size of R, ( the dimension of the space of quadratic
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forms), and (#R,— 3). However, we have not found the key, the proof
that the linear conditions 8(t) = 0 that we find are usually irredundant,
save in the simplest case T = 1,4, 3,0. So at the moment the method
is mainly a scouting tool for finding elementary components of
Hilb" P,. Any particular values of interest can be put into a computer
and checked. The number of conditions is about rd, which ranges
from about 7*/6 to (r*/2 + r*(2).

In section 2.1 we give in more detail the general argument and
describe which d should work; in section 2.2 we verify that it works
in the simplest case—giving a colength 8 elementary ‘‘generic
singularity’’, the quotient of k[[x, y, z, w]] by the ideal generated by 7
general quadratic forms. To prove the example, we simply solve the
24 X 24 system of linear conditions defining T',(A) when I=
(i f) =2+ 2% xy+wh xw, xz+wz, y2+22, yw, yz+w?. In
section 2.3 we comment on higher degree extensions of the same
intuition.

2.1. Conditions satisfied by the degree —1 tangents

We view A =R/I as the ring of the subscheme X = Spec A
concentrated at the origin 0 of A, = Spec k[x,, ..., x,]; the affine space
A, is embedded in P,; Hilb" P, = H parametrizes the length n dimen-
sion 0 subschemes of P,. If z € Hilb" P, parametrizes X, then Ny =
Hom(I, A) is the tangent space to H at z; the isomorphism classes of
the first order deformations Ti= T'(A) is defined by the exact
sequence

¢

0 Ox 0, Nx T! 0.

r

The map ¢ takes the vector field y = X f; /dx; to ¢y which maps f € I
to the class of X f;d/dx; mod I; the image is the trivial first order
deformations, arising from the Hilbert scheme H by merely changing
the point in P, where the singularity is defined from the origin to a
nearby point in P,, and acting by an element of Aut R. All the degree 0
tangents — mapping the generators of I to A,= R,/V —occur by
changing V ={fi,..., fs) to a nearby vector space V'=(f{,...,f}) in
R,; there are no nonzero positive degree tangents, provided I D m?
(which will hold in our examples); if we can show Hom_,(I, A) is just
the trivial tangents and Hom_,(I, A) =0, then the Hilbert scheme H
near z is just U X A,, with U an open in the Grassmannian G.
Suppose I is graded and the sequence E— F—->1—>0 begins a
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minimal graded free resolution of I, and that E, denotes the sub-
module of trivial relations; then there is an exact sequence

0—> Homg(I, A) —> Homg(F, A)
— s Homg(E/E,, A) = Hom(E', A).

The degree —1 tangents, those in Hom_,(I, A) arise from Hom(F, A,)
where A, = R, is the linear part of A. Our goal is to show these lie in
the image of ¢, for V well-chosen. We count: there are rd elements
of Hom(F, A,). The relations in E/E, are the degree 3 relations
(2 BiF; =0 with B; € R)), and are the kernel of multiplication map:

(E/Ey); =Ker(R, ® V)—M> R;. Thus if M is surjective

dim(E}) = dim(R, ® V) — dim R; = (rd) - (r 43, 2)'

Now 6 maps (Hom F, A;) to Hom(E/E,, A,): If t € Hom(F, A))
takes f; to €;€ A, and e € E’ is the degree 3 relation £ B;f; =0, then
0(t)(e) =2 B¢, € A,. That 0(t) =0 is equivalent to the vanishing of s
linear conditions whose variables are the rd coefficients of t. Here
s = #(Hom(Ej}, Ay =dim Ej - dim A, = (rd — ("3)(cod V). We know
there is at least the solution space ¢{d/dx,,..., d/dx,) which is r-
dimensional if V is sufficiently general. If V is chosen general
enough, the s linear conditions will, we expect, be as independent as
possible, and we expect dim T!,(A)=dim Hom_,(F, A)—

(dim R, ® V—dim R;s)(cod V)—r (or zero when the quantity is nega-
tive). In other words we expect

2.1.1) dim T1,(A) = max(rd - (rd - <r-;2>)<<r12— 1) - d) -, 0)

= max(h(r, d), 0).

We now show, assuming char k# 2

LEMMA 2.1: If (with the notation above) dim V=2, and T',(A) =
0, then also T',(A)=0.

PROOF: Suppose t €Eker 8: Hom(F, Aj)»> Hom(E’, A;). We choose
the basis {fi} of V such that ¢(f)=1, ¢(f,)=0. Then
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(xit,...,xt)C Hom(F, A)) is an r-dimensional subspace (the images
of f, being independent) coming from Hom(Z, A), so must be the same
subspace as ¢(d/dx,, ..., 3/ox,) since T ,(A)=0. This would imply
all the partials are 0 on f,. >< B (See also Lemma 2.31)

We give here a table of solutions of

(2.12)  h(r,d)=<0, with h(r,d) = rd — <rd - (’; 2))((’; 1) - d) —r

We have shown that when d = (¥R, —2), the algebra A = R/(V) has
smooth deformations, so that value of d is omitted from the table.

Table of Solutions to Key Inequality: h(r,d) =0, and d# (#R,—2)

r = # variables d=dimension  n = colength

4 7 8

5 8,...,12 13,...,9 respectively
6 11,...,18 17,...,10 respectively
7 14,...,25 22,...,11 respectively.

When r =35, and d satisfies
(2.1.3) (r+2)(r+1/6+2=d=<#R,—3=r(r+1)/2-3

then h(r, d) < 0. When r is very large, the constant 2 on the left of (2.1.3)
can be reduced to 1, then to slightly over 3.

In other words, we expect that if one chooses any number between
about #R,/3 (see (3) for precise limits) and (#R,—3) of general
enough quadratic forms in R, the ideal I in R they generate has no
deformations other than ideals I' similarly formed.

Of course, when completed, this is a first order argument: there
could be more values of d yielding ‘“‘generic singularities”. (The
skeptic would say there could be less!) Incidentally, this style
argument gives no examples in 3 variables: at the time of writing,
although we know there are generic singularities of colength no more
than 102 in 3 variables (probably in colengths much less), we have no
explicit examples of embedding codimension 3.

The line of argument suggested can be used to limit the size of
Hom(I, A), even when it doesn’t show T'(A) is 0. Emsalem remarks
that in certain cases this gives further examples of non-smoothable
ideals, or algebras having no deformation to k[x]/x"; we showed in
§1.2 that to have a smooth deformation, #(Hom(Z, A)) must be at least
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m; and to have a deformation to an s-dimensional component of
Hilb" P, or of Hilb" R, the dimension #Hom(I, A)) must be at least s.
When r=4, and d=6, n=9, the argument above suggests
#MHom_,(I, A))=4.6 — (24 —20)(4) =8 and similarly (a slight exten-
sion) that #MHom_y(I,A))=0; we know #(HomyI, A)=dim
Grass(6, R,) =24, hence we expect #Hom(l, A) = 32 instead of the
needed rn =36 to have smooth deformations. That this argument
does not work in the very special case cod V =2 can be seen when
r=3 and d=4; here the formula (1) would predict 16 for
#Hom(I, A). But it turns out there is one extra independent degree —1
first order deformation in T!,(A), and there is even a non-zero
element of T',(A). Thus dim Hom(I, A) = 18 as needed, and in fact
the “generic” ideal I = (x2, y?, xz—z% yz—2z% of type (1,3,2) has
smooth deformations.’

We propose the verification of this argument above for the d and r
of the table (or (2.1.3)) as a nontrivial problem. A natural approach is
to try to construct inductively a sequence of examples, one ideal (as
simple as possible) for each pair d,r in the table, and to show
inductively that they work. (The example we give in the section 2.2
following is the first step in the induction!) We mention in passing that
the status of this general sort of problem in 3 or more variables is
rather poor. A similar problem, also in general unsolved, is “given
d, r, j, i what is the expected dimension #R;V, for V a ‘“‘generic”
d-dimensional vector space of degree j forms?

2.2. Example of a length 8 algebra having as deformations only other
algebras of the same type

We now give the example of an “‘almost generic” algebra of type,
1,4,3,0, and we show it is not rigid by describing the 6 moduli of
isomorphism classes of 1, 4, 3, 0 algebras. The irredundancy of the
conditions described in section 2.1 amount to the nonvanishing of a
determinant whose entries are polynomials in the coefficients of the

! Algebras of type 1,r,2,0 are smoothable. For the general case see (Ems-Iar). When
r =3 we give the proof here. An open dense set of these algebras are A = R/I with
I=(x%y% xz— 2%, yz — 2%). The two degree 3 relations are z(x’— y*) — (x + 2)(xz — z)*+
(y+ 2)(yz— 2% = e, and (x — z)(yz — 2°) — (y — z)(xz — z%) = e,; these and the trivial rela-
tions generate all the relations. The deformation of I in the polynomial ring k[x, y, z]to I(t)
replacing y? by y?’+t(x —y) and replacing the first relation e, by (e;—t(xz—2%)+
t(yz — z%)is certainly flat, since all relations in I extend to I(t). When ¢ 0, the part I(t), of
I(t) resting at the origin has colength 4 and Hilbert function 1, 2, 1, 0. Being an ideal in
essentially 2 variables it is smoothable; the rest of I(t) has colength 6 -4=2, so is
smoothable. Thus I(¢) for t# 0 is smoothable, and so is I
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fi’s generating I. Thus it suffices to produce a single example to
validate the discussion for a given pair d,r. The guideline is, the
example has to be simple enough to calculate easily, but complex
enough to work. Our example has r=4, d =7, n =8, and is the ideal
I=f .. fi=0+2% xy+w? xw, xz+wz, y2+ 2% yw, yz+ wd). It is
easy to check R;® V—-R; is surjective. In order to be able to write
down the (7 - 4—20) =8 relations easily, we chose which combina-
tions of generators to use in getting w’, w?z, wz?, z* respectively
wf;— zfs, Wfs— zf3, wfs— yfe, and zfs— yf.+ wfs. We assumed f; is
deformed to t(f;)=f;+ L;, with L; = Ljjx + Ly + Lisw + Liyz, and L;
constants in k. By subtracting off multiples of ¢(d/dx;) (thus working
in T',(A)) we may assume L;;= L, = L3, = L, =0. We then write
the inner product of each linear relation e =X B;f; with the defor-
mation, reducing immediately the result 2 B;L; to the complementary
basis w?, wz, z> to V in R,, thus calculating 6(¢)(¢) in A,. Since
h(4,7) =0 each condition —resulting coefficient on w? or wz, or z2,
must count, and must not be in the span of previous conditions for
the example to work (if h(r,d)=-—s, with s =0, we’d expect s
redundant conditions in an example that works). Naturally, we begin
with the simplest relations. We include the rest of the calculation for
completeness.

CarLcuLATION: To start Lyy=Ly;=L3;;=Lyg=0
Relation e;: Involving 3, 6, yf; — xfs
(terms xw, yw
0(t)(e)) = Lay*+ Lasyz — x’Le;— XyLey— xzL¢s are in I so
are 0 in A,).

6(t)(e,) written in a basis of w?, wz, z*

Ay=(—Lyn+ Le)w’+ (Les— Lsgwz + Lei 2"

CONDITIONS: L3y = L¢, L3y= L, L =0.

Relation e,, 23(67), wf,— yfs— wf1+ zfe = w(fa— f1) — ¥f3— zfs
0(t)(e)) = (Lys— La)w?+ (Los— Lo+ Les)wz — L3y?
+(Ley— L3g)yz + Lesz’
Ly—Li—(Leo—Leg) =0, Lyy— Lyt Lez=0, Lu+ Lea=0

on —w? wz, 2*
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Relation es, 24(36), zf, — yfs+ zfs — wfs+ zf3

L43 + L22— L44+ 2L62 = 0, L23 + L63 - L44+ L33 - 0, L24+ 2L64+ L42 = 0,

2
on —w?, zw, and z%

Relation es, 13(56), wf, — xf3— wfs+ zfs

0(t)(es) = wi(Ly3— Ls3) + wz(Lys— Lss+ Lg3) — xyLy,
— xzLy+ yzLe + 2°Les

L(,4=0, L|3_L53:0, L|4_L54+ L53—_—0 on Zz, W2, ZwW.

Status after 4 relations: Lll = L2| = L3| = L4| = L32 = L34 = L62 =
Loy=Lg=0, Ly=Ly, Lis=Lsy, Lyy=—Ls, —Lyp— Lu+ Ls=0,
Lyp+Lg—Lyu=0, L4~ Lss+ Le;=0, Lyz+ Lys— L+ Le3=0.

Relation es, 27(34), zf,— xf:— wfs+ zf3 + wf;

6(t)(es) = yzLyy + wz(Lyy + Lyy— Lyy) + WXLy~ Lyg) + 2°Lyy— x*Ly, — xyLo,
—xzL;, mod V
=wz(Lyy— Lo+ Lyy+ Ly +2%(Ly — L) + wi(=Ly+Ly;— L+ Lyy)
substitute for Ly substitute for Ly, Li;
wz(Ls— Ley) + 2°(Lyy— Lp) + wi(Lgs— Las+ Las— Ls— Lys— L+ L)

Conclude Lg;=L,,> L, =0,L,,=0 L, =0 Ly,—Ly;—Ly=0

Relation eg, 25(46) yf.— xfs— wfe+ zfs— wfs+ yfe

Y?Ly— wi(Ls3+ Les) + wz(Lags — Lsg) — x*(Ls;) — xy(Lsp) — XzLss+ 2°Las
= wXLs— Lss— Le3) + wz(Lgs — Lsg+ Lsg) + 2°(Las— Lo+ L))
Ly—Lss—Lu=0, Ly=0=> Ly= Ly, Ls=0

Relation e;, 14(3567), zfi — xfs+ zf3— zfs+ yf:— wfs
zy(Lypy— Lsy+ Log) + wz(Ly3+ Ly3— Lsy) + z°(Lys— Lsg)
- sz44 + y2L72 - W2L63
=z (L= Lss— L)+ wz(Li3+ Lys— Lsy + L)
+w*(Ls;— Li— Ly — L¢3)
Substitute for L. Substitute for L; —(Ly— Ls;—2L+)

Lyp=—L3=> L;3=—2L4, Liy=—Ly= 2Lu=— L,
Li;—Ls3—3L4=0
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Relation eg, 12(347), yfi — xfo+ wfs— zf; + wfs— zf3

0(t)(es) = y’Lip+ yz(L1s— Lop) — xyLayy+ w?Lys + wz(Las— L33 — L73)
—2°L,
= wz(Lay— Ly;— Ly3) + 2’ (=Lys— Ly)
+ Wi (Lss+ Lyy+ Lyy— Lyy)
2Ly—Lni=0
L4=0 by e

Lg=Lp=Lpi=Lyu=Ly3=0,Lxp=0.L,=0,L3=0=> L, =0,
L|4=0, L54=0.

A check of the L; shows that ¢ is 0, hence T',(A) =0, as claimed.
Thus the algebra A has deformations only to other algebras A’
isomorphic to R/I' where I’ is the ideal generated by 7 linearly
independent quadratic forms in R, and thus A is an example for the
discussion in section 2.1.

We now describe the 6 moduli for isomorphism classes of 1, 4, 3,0
algebras, or in other words, the 6 moduli for orbits of 7-dimensional
vector spaces of quadratic forms in k[x, y, z, w] under the action of
Pgl(3). We can instead classify the dual spaces V of 3-dimensional
forms (see [15]) or [7] for a description of the duality). Three quadrics
in P; determine 8 points of intersection but 7 of the points in general
enough position suffice to determine both a vector space V and the
8th point common to the quadrics of V. This is true since passing
through a point is a linear condition on the 10 coefficients of the
quadratic form in 4 variables, so the condition of passing through 7 of
the points determines a 3-dimensional vector space V of forms. The
set of 7 points can be chosen almost arbitrarily (parametrized by an
open in Symm’(P;)). Under the action of Pgl(3) five points of P; in
general enough position can be moved to (1,0,0,0), (0,1,0,0),
0,0,1,0), (0,0,0,1), and (1,1,1,1). The 6 coordinates of the two
remaining points of the seven are the 6 parameters for moduli of
isomorphism classes of the vector spaces V, and also of the general
type 1,4, 3,0 algebras.

2.3. Ideals generated by vector spaces of degree j forms

We consider algebras of the form A = R/I, where I is the ideal
generated by a d-dimensional vector space V of degree j forms in
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R = k[[x,, ..., x,]]. First we give a lemma reducing the work of finding
“generic” algebras of this kind, to showing the size dim; Hom_,(I, A)
is r coming from the trivial tangents; we thus reduce the work to a
check on the degree —1 part of the tangent space (Lemma 2.31). We
then fix j, and describe for large r, the range of values d where the
function h(d, r,j) = (dim;(Hom_(F, A)) — dim,(Hom_(E', A))—r) is
zero or negative. (Lemma 2.32.) These are values of d, r, j with r large,
for which we expect our argument to work: if V is general enough,
the corresponding algebra A should have deformations only to other
algebras of the same type. Finally we show that h(d,r,j) is non-
positive when r =35, j =2, and d is the integer #R;/2 or (#R;/2+1), in
Lemma 2.33.
We now generalize Lemma 2.1.

LEMMA 2.31: Suppose r,j =2, and the ideal I = (V) is generated by
a degree j vector space of forms V. If char k# 0 and divides (j —?2),
assume further that V contains a form f that cannot be written as a
product (¢)(x}+---+xH)g(x%,...,x"%) with ¢ a constant, and g a
polynomial. Then T',(A)=0 implies Hom_,(I, A) =0 for s > 1.

Proor: It suffices to show Hom ,(I, A) = 0. Suppose, by way of
contradiction that Hom_,(I, A) contains the non-zero homomorphism
h. Then the multiples x,h, ..., x,h form an r-dimensional subspace of
the trivial tangents T in Hom_(I, A); since #T=<r, the two spaces
must be equal. Thus, there is a nonsingular r X r matrix of constants
M such that the vector (x;h, ..., x,h) =(3/dx,, ..., d/dx,)M. 1t is easy
to see that if (x{,...,x)=(xy,...,x,)A is a change of coordinates,
then in new coordinates the  vector (xih,...,x}h)=
alox!, ..., alax") - ATMA. After extending k to its algebraic closure,
we may choose A such that ATMA = identity. Writing x,, ..., x, for
these new coordinates, we conclude that for each f in V, and for each
i, the form xh(f)= af/dx, By Euler’s formula in R, the sum
Sixth(H)=j-f.

Now if char k = p and divides j, we conclude h(f) =0 for all the
generators of I, hence h = 0. Otherwise, we take the partial deriva-
tives of the Euler identity, and use x;h(f) = df/dx; to conclude

2x:h(f)+ x5 0h(f)ox; = j - (8fl3x;) = j - x:h(f)
(2.3) (G —2x:h(f) = x} - (3h(f)]ox;)
(= 2)h(f) = xi(dh(f)]ox;).
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If chark=p and divides (j—2), all partials of h(f) are 0, and
h(f)=g(x%, ..., x%) which with the Euler formula above contradicts
our assumption there is an f in V that cannot be written
¢ xHg(x%,. .., x8). Otherwise, after writing h(f) as a polynomial in x;
with coefficients polynomials in the remaining variables, it is easy to
see that (2.3) implies h(f) = cx¥™? for each i, hence h(f) =0 for each
f in V, and the homomorphism h is 0. The contradiction with our
assumption h# 0 completes the proof. B

The condition on V when (char k)|(j —2) is not a restraint for us,
since we are concerned with general vector spaces V of dimension d
in R; and most spaces V satisfy the condition.

Notice that h(d, r, j) = (#R;_1))d — (rd — #R;.1)(cod V) —r.

LEMMA 2.32: (Range of dimension d which should work, when r is
large compared to j.) Suppose j is fixed, and the constants a > 1/(j + 1)
and b > (j+ 1)/j! are chosen. There is an r(a, b) such that when
r>r(a,b) and a(#R) <d <(#R;—br'™?) imply h(d, r, j) <0.

ProOF: When d is large, almost #R;, then the difference h(d, r, j) =
(#Ri-)(#R)) — (r(#R)) — (#R.1))(cod V) which is hd,r,j)=
(PG = DY = GrTY G+ DY) (cod V). Tt suffices to choose cod V >
FHGE-DYG + 1D/j) to make h(d,r,j) nonpositive. When d is
somewhat smaller, equal to the fraction a(#R;), then h(d,r, j)=
(#R;_)(a(#R))) — (ra(#R;) — (#Rj:))(1 — a)(#R;)); then for large r,
h(d, r, DI#R) = ar’'/(j — D! = (rar’/j! — F'/(G + DY(1 — a). Tt suffices
to choose a>1/(j+1) to ensure that the second, negative term
dominates. H

When r and j are fixed, h(d, r,j) is a parabola whose minimum
occurs when the first derivative (8/dd)h(d, r,j) is 0, or when d is
duin = (#Rj1 — (#Ri_) + r(#R))[2r. A check when r =4 shows that
Jj =2 is the only value where h(d, r, j) can be negative: h(dm, 4, j) has
leading term j*/48 and for small j greater than 2, h., is positive.
However, in 5 variables, for each j there are values d where h(d, r, j)
is negative.

LEMMA 2.33: When r=35, and j=2, the difference h(d,r,j) is
negative for d equal to the integer #R;/2 or (#R;+1)/2.

ProoOF: When j=2, d =8=(15+1)/2 works. Since the actual
minimum d;, is larger than #R;/2, it suffices to show h(#R;/2,5,)) is
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nonpositive. But  h(#Rj/2, r, j) = (#R;-, + #Rj.1 — r(#R)[2)(#R))/2,
and for r = 5 the first factor is (('{>) + (’4°) — 3)(’4%), which is negative
when j=3.

Finally, we note that when j = 3, the difference h(d, r, j) is negative
for r=5 and 17=d =<29; and also for r=6 and 24 =<d =< 50. This
suggests (just to be specific) that general enough algebras of types
1,5,15,6,0 to 1,5,15,18,0 (this last is d=17) and of types
1,6,21,6,0 to 1, 6,21, 32,0 will be generic.

3. Gorenstein algebras with small tangent space

We now consider zero-dimensional Gorenstein rings A = R/I, quo-
tients of R = k[[x,,...,x,]]; and we suppose at first A has type
T=1,r,r,1. When r =3, the ideal I defining A is a complete inter-
section, hence is smoothable: in that case, the algebra A has a
deformation to a direct sum of fields. We give an argument indicating
that when r =4, A has in general deformations only to other Goren-
stein ideals of the same type. In particular, we show that when r =4,
and I =(yz—x>—w? xz—y>*—w? wz—x*—y? yw—2x>—z% xw-—
2y?— 22, xy —2w?— 2%, then A = R/I has deformations only to other
Gorenstein ideals of type T = 1,4, 4, 1. Thus U, the Zariski-closure of
the variety U parametrizing these Gorenstein ideals, is a component
of Hilb" R; likewise, the globalization % (closure of %, which is a
locally trivial bundle over projective space P,, fibred by U) is a
component of Hilb" P,.

The main idea of the proof is to show that when r=4 and I is a
general-enough graded Gorenstein ideal of type T, then A ought to
satisfy first T1,(A) =0; secondly #T)A)=dim G Gor T (parametriz-
ing graded Gorenstein ideals of type T); and lastly #T'(A) = r, which
is the dimension of the fiber of Gor T over G Gor T (under the
natural map taking an ideal to its associated graded ideal). Thus, there
is room in the tangent space Hom(l, A) to Hilb" P, at the point z
parametrizing at I, only for deformations of I to other Gorenstein
ideals of the same type, (concentrated at a nearby point of P,). As in
section 2, to show this, we count the conditions on the tangents,
coming from the degree-3 relations among the generators of 1. We
show that there are exactly the right number of conditions so that
T!(I) ought to have the sizes specified, when I is general enough. In
section 3.1 we outline this argument. In section 3.2 we verify the



[21] Some zero-dimensional generic singularities 165

independence of the linear conditions for the ideal I specified above,
hence in general for Gorenstein ideals of type 1,4, 4, 1. There are 4
moduli for isomorphism classes of graded Gorenstein ideals of type
1,4,4,1, so again we have a “generic”, algebra which is not rigid, and
has no deformations to a rigid algebra.

We then consider Gorenstein rings of the particular type T =
LrC3Y, . L8, LY, 1 with degree of socle j=2s, and
those of type T=1,r,...,(**™, ("*™,..., r, 1 with degree of socle
j=2s+ 1. We begin in section 3.3 by showing Gor T and G Gor T are
nonempty, irreducible, of a dimension we calculate. It was known
that once a system of parameters for R is chosen, a graded height-r
Gorenstein ideal in R containing m’*' but not m’ (in other words, such
that A has degree j socle), corresponds uniquely to a form f of degree
j in R —the annihilating form of I (See [15]). We show that con-
versely, if f belongs to a certain open set U of the projective space
P(R;) parametrizing degree j forms, then the graded Gorenstein ideal
annihilated by f has type T above. In other words, most graded
zero-dimensional Gorenstein rings with r generators and degree j
socle have type T.

We show an ideal I in the fibre of Gor T over I* in G Gor T is
determined uniquely by the choice of an annihilator function h =
fes1+ -+ -+ f; with f;=f, the function annihilating I*. Here fi; is
well-defined mod(J'f). We conclude that G Gor T, the fibre of Gor T
over G Gor T, and hence also (Gor T) N7~ (G Gor T) are irreducible
as varieties; and that the dimension of Gor T is

dim Gor T = i #I;= i ((r+§-l)_<r+j—i—1>>‘

i=s+1 i=s+1 ]

We conclude in Theorem 3.34 that for most such types T when r=4,
the general Gorenstein algebra of type T has no trivialization.

Then in the conjectural section 3.4, we assume I is graded and that
the minimal resolution of I has the degrees it ought to have, and
outline a calculation of T'(A). We show modulus our assumptions
that the number of conditions imposed by the relations is exactly the
number needed, so that, if independent, they force the non-negative
part T4(A)=dim Gor T. For odd j=3 and r =4, 5 the conditions, if
independent, force the negative part T'(A) to be zero. However, we
have not confirmed the independence of the conditions, or the
assumptions of section 3.4 in any case beyond j =3, r =4, that we
complete in section 3.2.
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3.1. Gorenstein algebras of type T =1,r,r,1

We first describe the family Gor T parametrizing Gorenstein ideals
of type T in R; then we plan the calculation showing T'(I) is small.
We assume here char k =0 or char k > 3. This restriction can be
avoided by using divided powers.

Once a system of generators xi, ..., x, for R is chosen, we define a
pairing ¢: R; X R; > R;_; from the forms of degrees i and j to those of
degree j—i. On monomials, if v is a vector of r nonnegative integers
of length j, and u is a vector of length i, then

P(x*, x°) = 3x°[3x" = x(V)ups - - o (V)

Notice that if u; > v;, ¢(x*, x”) = 0. We extend the definition bilinearly
to R; X R;.

The graded Gorenstein ideals I of type T are the annihilators I(f)
under the pairing of certain cubic forms f — namely those cubic forms
involving essentially all the r variables [See [15]. These cubic
forms are parametrized by an open set of the projective space P(R53),
thus

G Gor TS (P(Ry)

is an open immersion, and dim(G Gor T) = (('73) - 1).

It is easy to see that the general Gorenstein ideals of type T having
Gorenstein associated graded ideal, are the annihilators I(h) of poly-
nomials h = h,+ f, where h, € R,, f € Rs, and I(f) also of type T, is
the associated graded ideal of I(h). (See section 3.3 for details.)

We now wish to parametrize the ideals I(h), so we determine to
what extent h is unique. Recall from [15] that I,(f), the graded degree
2 part of I(f), is the vector space of degree 2 forms annihilating
J'f = 8floxy, . . ., 3f/ 9x, under the pairing . The following lemma is a
special case of Lemma 3.33A.

LEMMA 3.1A. If I(h) and I(h’) are two ideals of type T, as above,
such that h = h,+ f and h' = h}+ f' are the decompositions to forms,
and both I(f) and I(f') have type T, then I(h) = I(h') < JcEk* such
that f = cf’, and (h,— ch)) € J'f.

PROOF OF <. By linearity, we may assume f=f', and (h,— h3) €
J'f; by symmetry it suffices to show I(h’)C I(h). Suppose g =
g+ g€ I(R). If g,=0, then g € I,(f) = I3(h) C I(h). Otherwise, g, E
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I(h") = LI(f), and this implies ¢(gs, f) =0 and that g, annihilates J'f.

Thus, (g, h) = P(g2, h) + ¥(g3, ) = (g2, h2) + ¥(g3, ) = (g, h) =0
and g € I(h).

ProOOF OF . Clearly, I(h) = I(h’) = the associated graded ideals
I(h)*=I(h')* > AcE€k* such that f=cf’. Suppose g,€ I,(f); then
Jg; € R; with g, + g3 € I(h)=I(h'), and hence 0= (g,+ g3)(h —ch') =
g:(hy— chy). Thus (h,— ch}) € Ann(Ix(f)) = Ann(R, NAnn(J'f)). Since
Y|R, X R,— k is an exact pairing, we conclude that (h,— ch}) € J'f.
This completes the proof. B

An immediate corollary is

LeEMMA 3.1B. The natural map =:(Gor T Nz~' G Gor T)- Gor T,
coming from the map taking an ideal to its associated graded ideal,
makes (Gor TN7w'G Gor T) into a locally trivial bundle over
G Gor T, with fibre the affine space of dimension (3). The map has a
natural section coming from the inclusion of graded ideals in all
ideals. B

We now outline the calculation of T'(A), for a graded Gorenstein
ideal I of type T. The ideal I has (5) = (5") — r generators of degree 2
in any minimal generating set. In general, these will generate I and if
s0, there will be e = (r(5) + 1~ ('79) linear relations among them. The
1 extra linear relation compared to an ideal of type 1, r, r, 0, plays an
important role here. We first estimate #(T'_,(A)) by considering as
before in section 2 the identity

Hom_(I, A) = Ker 6_;: Hom_(F, A)-»> Hom_,(E’, A).

The dimension #Hom_(F, A))=(3)r and the dimension
#(Hom_,(E', A)) = er, thus the expected dimension of TL,(I) is
(#Hom_,(I, A)—r), or

expected #T'_,(A) = max (0,(r ((;) - e) - r)) =0 if r=4.

We now likewise bound the dimension of Homy(I, A). The dimension
#(Homy(F, A)) = (5)r and the dimension #(HomE, A)) = e, thus the
expected dimension of Homy(I, A) is

expected #Homy(I, A) = (;) r—e= <r —; 2) —1=dimension G Gor T.
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Evidently, #Hom,(I, A) = #Hom,(F, A) = (}), the dimension of the
fibre of (Gor T N7~ ' G Gor T) over G Gor T.

Clearly, if I is generated in degree 2, and the various linear
conditions above imposed by the linear relations are independent,
then I has deformations only to other Gorenstein ideals of the same
type. We let U C(Gor T N7 ' G Gor T) be the open set in Gor T
parametrizing I such that I has #T",(A) = 0 and #(Hom(I, A)) is that
expected above. When U is nonempty, U is a component.

3.2. A Gorenstein algebra of type T =1,4,4, 1 having deformations
only to other Gorenstein algebras of the same type

We verify the argument of section 3.1 for the graded Gorenstein
ideal I=1I(f), where f=6(xyz+ywz+xwz+2xyw)+(x*+y>+
2>+ w?). First, a word about choosing an example to calculate: on the
one hand, the argument depends on f being chosen general enough; on
the other hand, the calculation needed becomes rapidly more difficult as
f becomes less symmetric. Thus, we try to find an f as symmetric and as
simple as possible, that works. Simpler choices of f than that above do
not work!

The vector space J'f, annihilated by the generators of I, is

J'f = (yz+wz+2yw+x%2, xz + wz + 2xw + y*[2,
yz 4+ xz +2xy + w32, xy + yw + xw + z%/2).

The generators of I are I = (hy,..., hg) with

hi=xz—y*—w? hy=yz—x>—w?, hy= wz — x*— y?,

he=yw —2x>— 2% hs=xw —2y*— 2%, hg= xy — 2w?— Z%.

We let o denote the cyclic permutation (xyw) taking h; to h,, h, to hs,
hs to h;, and permuting cyclically hy, hs, hg also. We will abuse
notation and let h; also denote a basis element of the free R-module F
on 6 generators, according to context.

It is not hard to verify, once found, that a basis of the linear
relations among the generators, is e, e,=ce,, e;=0’¢e,, e;, and
es = oe,s, Where

e1=(x+2y +2w)(hy— h3) = (z + y + w)(hs — hs),



[25] Some zero-dimensional generic singularities 169

and

e;=(—154xh, + 11yh, + 143wh;) + (—56xh, — 52yh;)
+ (56yh,+ 52wh,) + (28xhs — 2yhs — 26 why)
+ (41xhs—T2yhs— TTwhy) + (85xhs + 63 yhs— 40whs)
+(154zh, — 11zh, — 143zh;).

The bracketed coefficients of e, permute under o, and it serves as a
check on our calculation of the linear relations, that evidently,

(A +o+a%e,=108(1+ o + 0)e,
= 108(1 + o + 0*)(xhs — xhs + xh; — xh,).

We now show the linear independence of the 20 linear conditions
imposed on t € Hom_,(F, A)/{(d/dx, /3y, d/dw, 8/3z) by the require-
ment ¢t be in the kernel of 6. This task is facilitated since the 20 X 20
matrix involved breaks into 4 X 4 blocks, because of the symmetry in
the first 3 relations. To begin, we suppose as in section 2, that
t(h))=L; = Lyx + Ly + Lisw + Lyz. Since J'h; = R,, in considering ¢
mod the trivial tangents (the partials), we may assume L,=0. We
proceed by substituting L; for h; in each relation, and calculating the
image in A, = R,/I,, modding out by the generators. We now give the
matrix M resulting. On the left we mention the relation in question
(each giving 4 linear conditions), and the basis used for A, = R,/L,.
Blanks are zeroes. (See table on next page)

We calculated the determinant of the aforegoing matrix M in two
different ways on the University of Texas Computation Center CDC
64-6600 system computer which works with 48 bits (14 decimal
places) and gives usually over 10 digit accuracy. The modified “LU
(lower, upper triangulator) decomposition” method working with real
numbers gives

determinant M = (—5.0158315356) x 10**

and the product of the complex eigenvalues (none of which was
smaller than 0.2 in modulus) was computed as

[I(eigenvalues) = (—5.0158315355) x 10 + i(1.1873 . . .) x 10,

The performance indices of both programs was good and they give
the same result to 10 digits; we conclude that the determinant of M is
nonzero, and that the 20 linear conditions are independent. We thank



[26]

T

A. Iarrobino and J. Emsalem

170

I = 08— T8 6v— t9 pSl— 9§ 65 TL— TS— 0Ll

w- 08— Iy v- yi— pS1— 8C 9l 86— IS— S8 1445 €9 £6 95— 11 yS1— $SI— 9§ psi

gpl— TS—  €vl 16 - sp— v— €9
WS- el evi— - sv— TS €I— 11
[ B 34 S S, 3 4 | v— &= 1 €6
16 T— el 0 €9 It €6 95—

0 1 w— 6t 0 6y— vl— 16 0 65 86— ¢l
6t T8 y— 0y 16 9§ 91 LL— €L 0Ll pvl— 97—

T
~———

- - €9 Sv— vS1 86— ¥SI— 9§
Sy—  ell— 11 [43 9 9T  ¥S1 ¥SI-—
y- 11 £6 4 0 86— 0 pS1i— 99T

65 0Ll - Us— i a8 (4 08— 6v— 95 €9 psl—

o m_ mmwml o mm _ Nvl o ;mvlv_l
2 omloEvv_l @movlmm vl ;\.hlom oN_
86— tvvi— TS— €8 w- v- 08— 1y PI— 921 $si- 8T

/’_\

- 1 - 0 1 - 1 0 0 €= [ v 0 € 13 14
- 1 - 0 — 0 [4 y— 0 0 0 0 0 0 0 0 0
1 - - 1 - 1 1 - - [ 4 - € [4 [4 14
0 1 t—= 0 0 1= € 0 - v v | 14 14 14 !

- - v
- - I-

M| ﬂ

- 0 1 0

¥- - v 0 0
€

¥

<
o
|
—-— < O
—_— O -
|
—
|
—
=4
—_— —
! |
o — o -

- - - 1 1=

vw\N mc\N N@‘N _o‘N «.w\H mm\N Nm\N E\u 3\~ mv‘N N?N ::N vm\N mm\N Nm\N _M‘N vN‘N mN\N 1T

€= I
wy

<t NOo e
- <o

/———'\/\
|
A= e
<
—_— O —
| |
=]
— e -
|



[27] Some zero-dimensional generic singularities 171

D. Kincaid, Hunter Ellinger, and Andy Martin for help with the
programming and debugging.

We now show #Homy(I, A)=19. The size #Homy(E, A)=
#Hom(E, As) = 5; the size #Hom(F, A) = #Hom(F, A,) = 24; and we
must show there are 5 independent linear conditions imposed on
t € Homy(F, A) by the requirement t € ker . We show for t(h)) =
Bix?, t(hy) = Byy?, t(h;) = Bsz?, t(hg) = Bi(y*+ w?), t(hs) = Bsx?, and
t(h¢) = Bsw? with B; € k, that t € ker §=> t =0, which will complete
our proof. Since I contains all the monomials x%y, xz% zx2, etc. (all
x3xs with i# s), as well as x>~y x*— 23, etc., in order to calculate the

image of t in Hom(e;, Aj), it suffices to substitute £(h,), .. ., t(he) in the
relation ¢; and to sum the resulting cubic coefficients — the coefficients
on x°,.. ., z°. In this way we obtain for 6(¢)

0(t)(e)) = 2B,, 6(t)(e2) = 2B, 6(t)(e3) = 2B, — 2B, — (Bs — By),
0(t)(es) = —154B,+ 11B,— 143B; + (63~ 72— 26)B,+ 41B;,
0(t)(es) = 143B,— 154B,—- 11B;+ (85 —-72—2)B,— 77Bs.

Thus 6(t) =0 on e, e,, and e; implies B; = B, =0, and B,= Bs. Then
6(t)=0 also on e; and es implies 143B;= Bs and 11B;= —66B;,
respectively. Thus t € ker 8= t = 0. This shows #Homy(, A) =19 =
dim G Gor T, and completes the proof that A has deformations only
to other Gorenstein rings of the same type T.

3.3. Parametrizing Gorenstein algebras of symmetric, maximal types

By a Gorenstein ideal of maximal type in R, we mean an ideal I for
which there is an integer s satisfying m**' > 1 D m**2. By symmetric
type we mean that if j is the highest power of the maximal ideal m,
not contained in I (in other words, j is the degree of the socle of
R/T*) then T(I)=to,..., t,... with t; =t;_.. A Gorenstein ideal may
have a maximal, nonsymmetric type: for example, if f=x>+y> in
k([x, y11, the ideal I(f)= (xy,3x?>—y? has type 1,2,1,1,0. But a
symmetric, maximal type is uniquely determined by s, and the
number j defined above, is 2s or 2s + 1. The types we study are thus

If j=2s,

T:l’r,<r+1>,'“,(r+s—2)’(r+s—l>,
2 s—1 s
<r+s—2) (r+]) |
s_] T 2 ,r,

(3.3a)
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If j=2s+1,
(3.3a bis)

_ r+1 r+s—1\ (r+s-2 r+1
T—l,r,( 5 ),...,( s ),( s—1 ),...,( ) ),r,l.

The lengths n(T)=ZX1t of these types are respectively n(T)=
2079 = (%) when j=2s, and n(T)=2(";*) when j=2s+1. The
types can also be characterized by the condition

(3.3b) t; = min(#R,, #R,_,).

They are also the symmetric types of maximal length n(T)=2Xt;, for
which t; =1, and tj;, = tj,=---=0.

We first study graded Gorenstein ideals of these types in R, and
later we’ll study more general Gorenstein ideals of these types.

The graded Gorenstein ideals of type T in R are parametrized by a
subscheme G Gor T of Hilb"™ R. There is a 1-1 correspondence
between graded Gorenstein ideals I in R (not necessarily of type T)
such that A = R/I has degree j socle, and forms of degree j in R (up
to non-zero constant multiple). Using the ¢ of section 3.1, this
correspondence is (see [15]).

(3.3¢) f < I(f) = all forms g such that (g, f) =0
I & {f)=(Ann ) NR; = {f such that ¢(I;, f) = 0}.

For such ideals,
I; = Ann(J*7’f), the annihilator of J'™'f in |R; x J/™'f - k.

Here, in turn, J'/f = ¢(R', f) = vector space spanned by all ith parti-
als of f. The type of such graded Gorenstein ideals is always sym-
metric, and consequently #I[=t,=t_; = #J''f <= min(#R,, #R,.)).
Thus the graded Gorenstein ideals having the type T of (3.3a, b), are
those annihilating a degree j form and having the maximum type
consistent with the symmetry t; = t;_;. Thus clearly “#J'7'f = #R;” is
an open condition “#J'7'f = (#R;—1)” on the projective space P(R;)
parametrizing degree j forms in R, so for the T of (3.3a) there is an
open immersion G Gor T SP(R;)). We now show G GorT is
nonempty; this together with the 1-1 correspondence (3.3¢c) shows
G Gor T is dense in P(R)).
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THEOREM 3.31: If T satisfies (3.3a), there is an open dense im-
mersion G Gor T SP(R;), from the scheme parametrizing graded
Gorenstein ideals of type T, to the projective space on R,. The variety
G Gor T is irreducible, rational, and has dimension (#R;—1)=

T~ 1.
ProOOF: We need to show G Gor T is nonempty'.

CASE j = 2s: It suffices to construct an f such that #J°f = #R,; for
then J°f = R, and for u >0, J***f = R,_,: the symmetry of the type T
of I(f) then shows H must be the T of (3.3a). Order the monomials
i1, ... having degree s alphabetically: x}<xj{'x,<---<xi'x, <
X322 e x2 xSt < x i x8 T < x%; and we let J be the matrix
whose I, ] entry is the coefficient of ¥(u; f) on the monomial w;. We
will show, by induction on r, a stronger result,

CLAIM: Given j=2s, an even integer, and given an #R, X #R,
square matrix C of constants, there is a form f of degree j such that
det(J - C) # 0.

PrOOF OF cLAIM: If r =1, given a constant ¢, we choose f = ¢'x*

such that c'(¥)(k!) # c. Suppose the lemma is true for all even j in
(r—1) variables x,, .. ., x, and that z, x,, . . ., x, are the new r variables
(thus z = x;), that R = k[[z, x,,...,x]], that R’ = k[[x,,...,x,]], and
suppose that C is a square #R;X#R, matrix of constants. We will
choose in order fo,fs...,fos with f € R, such that f=
foz® + 22272+ - -+ f,, works: det(J—C)#0. We decompose the
matrices J, C, M = J — C and all others used, into rectangular blocks
Jur» Cup. The rows and columns of J, C, M, ... are labeled by the
monomials of R,. The block J,, contains all the entries of J for which
the z-power of the row-label is s — u, and the z-power of the column
label is s — v.

The idea of the proof is that the part of (J — C) in the upper left
corner: (J — C),, with u, v < n depends only on the f, ..., 2, terms of
f, and we can choose in order fy,..., f2, so the upper left corner is
diagonalizable. Assume, to start, that f=3azx?...x* with
coefficients a; independent variables if i, is even, 0 if i, is odd.

' (Added in proof) E.L. Green has independently shown that G Gor T is nonempty, in
“Complete intersections and Gorenstein ideals’, to appear, Journal of Algebra.
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23 2%x, 2%y, 2t zxy, 2y, X, X%y, xyhy’

2? (63)f0 Jo=0 Jo2 = (43)f2 Js=0

2
;’; 0 Ju=@)'f 0 Ju=2J'f,
zx?
xy AT, 0 T =207, J=0
zy?

3

2
x ); 0 131=13f4 0 -’33:]3f6
xy
y3

FiG. 1. Matrix J =J°f when j=2s =6, and r = 3.

We choose in sequence fo,fs, ..., f2s in R’, calling the resulting
matrices JO,JO .. J9 with J?=Jf after substituting the
coeflicients of f, ..., f» for the pertinent a;, namely those a; in which
ii=j—2i. We let M'=J?”—C. The purpose of this notation is to
allow us to perform matrix operations to almost-diagonalize the upper
left corner of M’ after choosing fo,. .., f»», while also indicating the
effects of these operations on the rest of the matrix M’ before
actually choosing fi.2, . . ., f2,. First, we choose fy € Ry = k such that
M # 0. Since MY # 0, we may reduce M3, and MY to 0 by matrix
operations involving the first row and column, obtaining thereby a
new matrix C'= S;M°S7' similar to M° by the matrix S, € G1(k).
Choose now f; and thus M', so that the determinant |C},| # 0, when
evaluated at f,, and let B' = S;M'S7".

At stage n, we have just chosen f, and M", and B" = S,M"S,' such
that S, € G1(k), and B" is almost diagonal in its upper left corner:
this means the early diagonal blocks B}, with u =n are each in
G 1(k), and the early off-diagonal blocks B,, with u# v, and u,v<n
are all zero. Then we use matrix operations involving the early rows
and columns to reduce the blocks Bj.,, and Bj,.; with u <n, to
zero, obtaining thereby a new matrix C"*' = (S,1S:)B"(Sp+:1Sz) ' =
Sp1M"S,i; for some S,.; € G1(k). We choose f,.; (and hence also
M"™" so that the determinant [Cji},.|# 0. This key step involves
solving |[J"*'fons2s— C’| # 0 over R’, for C a matrix of constants, and
we use the induction hypothesis. We then let B"*' = S, M""'S,.,,
and notice that B"*' is almost diagonal in its upper left corner, which
is the set of blocks B,, with u, v =< n + 1. Finally, after choosing f, the
matrix M*® is similar to B® which has off-diagonal blocks zero and
diagonal blocks invertible, so M*® = (J*'— C) is invertible. This proves
the claim, and the theorem when j = 2s.
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CaSE j=2s+1: It suffices to show there is an f with #JFf = #R,,
for then by symmetry #J"'f = #R,, implying J**' = R, ; the discussion
under the case j = 2s applies to show T(I(f)) must be the T of (3.3a).
For this we need a slight generalization of the claim proven above.
There, the general J,, block of J was J,, = ((2s —u — v)!/(s — u))J"f,..
We need a similar claim for the matrix J' where J), =
(2s+1—u—0v)/(s —u))J*f,,. Clearly the proof is the same. We
apply the result with C=0 to show there is a form f=
foz '+ o2 e 2T+ foz with |J8f|#0.  This
completes the proof of the theorem. We remark that the proof works
when characteristic k =p >j; or in lower characteristics, if we
replace the derivatives and duality used by one without coefficients —
if we use divided powers. Thus the theorem as stated is true in all
characteristics. H

Note. The matrix J = J°f, when degree f =2s, was studied of old
under the name catalecticant of f (Grace-Young p. 66 [10]), but we do
not know whether it was known to be in general non-zero. Much of
the duality used here was known to Macaulay, a modern reference
being [16]. Our variation is to give the Gorenstein ring A more
structure by considering A as a quotient A= R/I of R. If I D m'*" we
then choose a dualizing module Hom(A, k) in R depending only on a
choice of system of parameters for R (equivalent to a choice of the
pairing ¢). Since A is Gorenstein, the dualizing module is simple and
Hom(A, k) = Jf for some polynomial f. When A is graded there is a
unique form (f) up to scalar multiple generating Hom(A, k). When A
is not graded, but its associated graded algebra A* is also Gorenstein
of maximal symmetric type T, we will choose a unique polynomial f
generating Hom(A, k) = Jf (but depending on A*), in Lemma 3.3A.
This added structure allows us to parametrize G Gor T and also
Gor T N7 'G Gor T, the family of Gorenstein ideals of type T in R
having a Gorenstein associated graded ideal.

DeFINITION: Dualizing module AnnI of A= R/I. We suppose a
system of parameters x, . . ., X, for R is chosen, and that ¢ is the pairing
of section 3.1. If I has finite colength in R we let Ann I = {g in R such
that (I, g)(0) = 0}. The actionof Aon Annlisa - g = ¢(a, g), whichis
also in Ann I since ¢ (I, (¥(a, £)))(0) = ¢(la, g)(0) = ¢(I, g)0) = 0. The
A-module isomorphism, Ann I - Hom(A, k) is g = ¢(’, g)(0).

PROOF OF ISOMORPHISM: Suppose I D m'*'. The bihomomorphism
Y-, )0)on (Ry@P - - P R)X(RyD - - - P R) to k, is clearly an exact
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pairing, and g€ AnnlI=> degree g=j. Thus #AnnI=#(R/])=
#A=#Hom(A, k). The homomorphism AnnI—-Hom(A, k) is in-
jective, since if g annihilates both I and R/I it annihilates R and must
be 0; thus the homomorphism is an isomorphism.

When I is Gorenstein, Hom(A, k) = Ann I is a simple extension of
k: thus, Ann[ is a simple A-module generated by a function f, and
Ann [ = A - f = Jf, the vector space of all partials of f. The poly-
nomial f has degree no more than j, if I contains m’*'. Also f' = uf =
¥(u, f) is a generator, if u is a unit in A. If now I 2 m/, the highest
degree form f; of f is uniquely defined up to multiplication by a
non-zero constant. It is non-zero since otherwise [ =
R; N{h|Y(h, Ann I)(0) = } would include R; We now explain the rela-
tion between I(f;) and I

LeEMMA 3.32: If I is a Gorenstein ideal containing m'*' but not m’,
and f with top degree form f; generates Annl, then I(f;)=
{gl¥ (g, f;) = 0} is the unique graded Gorenstein ideal containing I* but
not containing m’. Also, I(f)=(;:R)+-- -+ Ij:Re)+ m*'. If I* is
also Gorenstein, then I* = I(f;).

ProoF: We show first that I(f;) D I'*, the associated graded ideal of
I; then we show there are no epimorphisms among graded Gorenstein
rings having degree j socle. If h; €I, then hR;_,C I;C I, since
m™' C I Thus 0= ¢(hR_;, )(©0)= ¢(h, J''f)0) = ¢(h, J''f;), since
only the degree i terms of g contribute to ¢(h;, g)(0). Thus h; € I(f)),
by a remark above. These graded Gorenstein rings with degree j
socle, quotients of R, correspond 1-1 with codimension 1 vector
spaces of forms in R; (that annihilate a form f;), and thus there are no
nontrivial inclusions. The rest of the lemma, in fact all, is a trivial
consequence of the definitions in [15]: for if I'* is a graded ideal,
the ancestor ideal T,-= U:R)D - - D Ui:Ry) of I contains
L®-- DI

We now suppose I* = I(f;) is a fixed graded Gorenstein ideal of
maximal symmetric type T. We now choose a unique f such that

I = I(f).

LeEMMA 3.33A: Suppose I(f;) is a graded Gorenstein ideal, having
type T of (3.3a), and suppose that V, ..., V;_, is an arbitrary sequence
of complementary vector spaces to J''f; in R;: thus V;@® J™'f; = R; for
i=s,...,j— 1. Then there is a 1-1 correspondence
{Gorenstein ideals I having I* = I(f;)}

& {polynomials f = f;+ - -+ fi_1+ fi having f,€ V..., i1 € Vi_i}.
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The correspondence is

I=> the generator f of Ann I with f,€ V..., fi € Vi
and f = the ideal I(f) ={all g € R|y(g, ) = 0}

PROOF OF =>: Given I, we show there is a unique f generating
Ann I and satisfying the condition. Begin with an f generating Ann I
and having top degree term f;. Suppose further that u <j is chosen
such that f;_, ..., fu« are in Vi, ..., V,, respectively, but f, = .+ fu
with f,€ V, and fi= ho f; € J'™"f;. Then (1 — h) o f will have top terms
(I—h)ef=fi+fiat- -+ fun+fi mod(R, ,+---+Ry), and (1—h)f
also generates Ann I since h € m. Continuing in this way down to
u=0 (we take Vi=---=V,=0), we find a generator of Annl/
satisfying the condition.

If f and f’ satisfy the conditions and both generate Ann I, suppose
(f — f'): is the top non-zero term in f — f'. If h € I has initial degree i,
then 0= ¢((f —f"), h)(O0) = ¢((f — )i hi), thus (f—f)E Ann[;NR; =
J''f; by an earlier remark; this contradicts the choice of (f — f’); in V,,
the complementary space to J/™f;.

PROOF OF <&: Suppose f satisfies the condition, then the ideal
I=1()={gly(g. f)=0={g|¢¥(g, JF)0)=0}} and f  generated
Ann(I(f)). By Lemma 3.32, I(f;)D I*, and the type T =TU(f;})) =
T(I) in the sense t; < t;(I) for all i. It suffices to show T = T() for
then T =T() and I*, being included in the ideal I(f;) of same
colength, is equal to I(f;). The inequality T = T'(I) follows from

CramM: If I is a Gorenstein ideal in R containing m’*' but not m’,
and T is the type of (3.3a), then for each u < j, 2! t; =24, t;(I).

ProoF oF cLAIM: The ideal I = AnnJf for some degree j poly-
nomial. We associate to Jf a graded J-ideal (Jf)* =@} (Jf); where
UDi=fNRi+---+R)+ Ry +- -+ R)I(Ri_1+ - -+ Rp). It is
easy to show (Jf); is the annihilator of I; in the pairing (-,-) from
R X R; to k, using the fact Y(gi+gn+- -, hi+h_+---)0)=
(g, hi). It follows that #((Jf);) =t;(I). The only partials that can
contribute to (Jf), + - - - + (Jf); are those of order no more than j—u,
thus 24 (D) =35 #R=30 t, if u > 5. If i =5, #((JN):)) = #R;=1t;; this
completes the proof of the claim, for all u, and of the Lemma 3.33A.
]
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An immediate corollary of the above Lemma is

LEMMA 3.33B: The natural map m:(Gor T N(#« 'G Gor T))—
G Gor T makes the former into a locally trivial bundle over G Gor T,
having as fibre an affine space of dimension (7' (#I)) and having a
natural global section i: G Gor T - Gor T.

ProoF: It suffices to notice that the same choices of V; will
work —be complementary to J''fi—for an open neighborhood of
degree j forms f;: over that neighborhood, the map = is trivial with
fibre the product of affine spaces each having dimension equal to
dim V. &

The subscheme 7 (G Gor T) is open in Gor T, since the Goren-
stein ideal I is in 7~'G Gor T iff I; belongs to an open set of the
codimension 1 vector spaces in R; — namely the open set U in (P(R))*
corresponding to the open set U parametrizing f; where I(f;) has type
T (see Theorem 3.31, and Lemma 3.32). We now show that
7 (G Gor T) is dense in Gor T. We suppose char k = 0, for the proof,
but we expect the proof extends to characteristic p.

THEOREM 3.34: If T is a type of (3.3a), then Gor T parametrizing
Gorenstein ideals of type T, contains 7w 'G Gor T as an open dense
subscheme; Gor T is irreducible, and has dimension

(’;,Lf)—(’:s) ifj=2s+1
dimGor T = .
<r+1)_2<r+s)+<r+s—l)iszzs
j s s ’

Proor: It suffices to show 7 'G Gor T is dense: the dimension
calculation and irreducibility are then immediate consequences of
Theorem 3.31 and Lemma 3.33B. Suppose that I is a Gorenstein ideal
of type T. Then I = I(f) for some polynomial f of degree j, with f;# 0.
Let f(t)=fi(t)+-- -+ fo(t) be a l-parameter family of polynomials
such that limit,_, f(¢) = f, and such that for ¢# 0, the top term f;(¢) is
in the set U of Theorem 3.31: then I(f;(¢)) has type T for t# 0. Then
by Lemma 3.32 and Lemma 3.33, I(f(¢))* = I(f;(t)), for t# 0. Thus I
is in the closure of = '(G Gor T).

The dimension of the component U of Hilb" A, containing points
parametrizing smooth subschemes is rn; the dimension of the
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component of Hilb" R containing points parametrizing quotients of R
isomorpbhic to k[x]/x" is (r — 1)(n — 1) (for this, see [13]); we conclude
from the dimension formula of Theorem 3.34, and an easy cal-
culation:

THEOREM 3.35: The general Gorenstein algebra of type T in r-
variables has no trivial deformations when j =3 in 8 or more variables,
whenj=5in7or6or5 variables,and whenj =9 in 4 variables. It has no
deformations to k[x]/x" whenj =3 in 5 ormorevariables, whenj=5in 4
variables, and when j =7 in 3 variables.

Here j is the integer satisfying A;# 0 but A;;; = 0.

3.4. Some Gorenstein algebras that should be generic

In order to prevent the miasma of conjectures from spreading, we
isolate them in this section. From assumptions on the resolution of
the general graded Gorenstein algebra A = R/I of maximal symmetric
type T, we calculate an expected dimension #Hom (I, A) = #I;_, for
s=0 and all r,j; and we calculate the expected dimension
#Hom_,(I, A) = r for r =4 and j odd. This leads us to predict that the
general Gorenstein algebra of maximal symmetric type T, can be
shown ‘“‘generic” by our methods when r =4, and j odd. The example
of section 3.2 is the simplest case, but we add no further examples
and prove nothing but implications among conjectures here. We
include the section for the interest of the conjectures, and for the
curious calculation in the proof of Claim 1.

We assume A= R/I is a general graded Gorenstein algebra of
maximal type T, and that 0> F,—» - -->F,>F,=R->A—-0, is a
minimal graded free resolution of A over R, where the homomor-
phisms are graded of degree 0. The difference in the calculation of
this section and previous, is that we must take into account more
terms of the resolution to calculate the expected sizes of Hom(I, A).
The conjectures that follow are not about particular algebras, but
about those parametrized by an open (we hope nonempty) set in
G Gor T. We assume first

CoNJECTURE 1: If i <i’, the degrees of generators of F; are less
than the degrees of the generators of F.'

! (Added in proof) R. Stanley notes that here deg F, = j+ r, and that Conjecture 1 is true
when j is even.
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We then consider the sequence

Hom(I, A) ——> Hom(F,, A) ——> Hom(F,, A)

92 gr-1

Hom(F, A) ——— Ext'([, A) —— - - -

where the maps 6° are graded, 6'=@®,6;: D,Hom(F,A)—>
@,Hom,(F,,,, A), the composition 69" '=0, and on the left
Hom(I, A) is the kernel of 8'. We then assume

CONJECTURE 2: For s =0, 0! is surjective to the kernel of :*' in
Hom(F;,,, A). From these we will show

CrLaM 1. Conjectures 1 and 2 imply #Hom,(I, A) = #I;_; for s = 0.

This would imply that the non-negative-graded part Homq.(I, A) of
the tangent space to A is just large enough to account for defor-
mations of the algebra A to (not necessarily graded) Gorenstein
algebras of type T.

We then suppose r=4, and j is odd = 3, and assume

CONJECTURE 3. The homomorphism 6, is surjective for i > 1; and
the image of 0!, has maximal size consistent with #Hom_,(I, A)=r.

We then show when r =4 only

CLAIM 2. Conjectures 1 and 3 imply that the —1 graded piece of the
first deformation space, T'(A) is zero for general graded Gorenstein
algebras A of maximal types T with r =4 and with j odd = 3.

Then Lemma 2.31 implies T1,(A) =0 for s > 1, and we conclude from
Claims 1 and 2 that A has deformations only to Gorenstein algebras
of type T. Thus the general Gorenstein algebra A’ of type T would be
generic. The calculations we’ve made (not included) indicates that
maximal types T with r=4, j odd=3 are the only for which our
“small tangent space” method could work to produce ‘‘generic”
Gorenstein algebras. But Theorem 3.5 might be considered as evi-
dence that most symmetric maximal types T produce ‘“‘generic”
Gorenstein algebras.
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It remains to discuss Claims 1 and 2.

There is a standard result (see [26] Vol. II) that the term ¢} in the
rth difference sequence of the type T of the graded algebra A is
t; =2 (—1)° (#generators of F, having degree i). Thus, assuming
Conjecture 1 which implies the sum has a single nonzero term, we
may read off the number and degrees of the generators of the F;. For
example, the 4th difference of T=1,4,4,11is (t3,...,td)=(1,0, —6, 5,
S, —6, 0, 1). Thus there are 6 generators to I having degree 2, S
relations among the generators in degree 3, and 5 more in degree 4;
there are 6 relations among the relations happening in degree 5, and 1
basis element of F, with degree 7. The qualitative behavior of the {t7}
depends on the parity of r and of j. When r is even and j odd, the
non-zero terms consist of the extreme terms t; = t{,, = 1 and a middle
cluster of r symmetric nonzero values occurring in adjacent degrees,
whose signs alternate expect for the middle two. Thus F; has basis
elements of degree (j+ 1)/2,..., F,,-, has degree (r +j—3)/2; F,, has
basis elements in the two middle degrees, and so on to F,_; of degree
((j—1)/2+ r). When also r =4, the sequence

o= (i () (03 ). (04) )

(3.4) |
—(’;1),0,...,0,1).

Notice finally that Hom (F,, A) =0 for s —1 and r—2, since F, has
degree j+r, and A;. = 0.

PROOF OF CLAIM 1: We let F;, denote the part of the module F;
having basis elements of degree u. Then when s =0

i=r

#Homy(I, A) =, (—1)""'#Hom(F, A)
i=1
>

=3 > (- (#Fu- #As) by Conjecture 2

u=j
(—=1)"*"'#Hom(F,,, As+,) as terms of
u=ii2 degree > j are 0

Il

=> D (=) (#Fu- #Ai--u) since T is symmetric

=2 3 (—1)"*"(#F,u- #Ri=s-u) since s + u = j/2 and
T is maximal

= #I[,_, by a standard identity.
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We now turn to Claim 2. Numerical evidence strongly supports it
for r = 4, but we have explicitly verified it only for r =4 and r =35, of
which we include here the case r = 4.

PROOF OF CLAIM 2 WHEN r=4: We must show S=
(=1 #Hom_,(F, A)<4. Letting k = (jl2)+3 the size #A,,=
#Ar=#Ri_, = (53, and likewise the size #Aw1=(5") and #A.=
(%). Thus by (3.4) the sum S is

5000
(21
(P00

It may be useful to reconsider the example where T =1,4,4, 1, and
A is proven generic in section 3.2. The sizes #Hom(F,, A) =24,
#Hom_(F,3, A) =5 -4=120, #Hom_(Fp4, A)=5-1=5, and
Hom_,(F3, A) = 0. We showed before that 8 = pr;6’;: Hom_,(F;, A)—>
Hom_,(F,3, A) is surjective; we also expect that 6 =pr#’,
Hom_,(F,, A)—> Hom_(F,4, A) is surjective; but the conditions im-
posed on an element ¢ by 8(¢t) = 0'(t) = 0 are of course dependent: in
other words Hom_(F;, A)»>Hom_,(F,, A) is not surjective. More
generally, when r is even, the two pieces ker # and ker ¢’ coming
from F,; and F,,_, are just independent enough, we believe, to force
TL(A)=0.

Appendix: Comparison of two parametrizations of
finite-length semi-local algebras

We explain the equivalences among questions 1-3 of 1.1. We begin
with some general comments and a comparison of the topological and
geometric viewpoints. We then compare the algebraic and geometric
viewpoints. The last discussion yields a dimension result: Proposition
AS5. Dimension((Hilb" k[[x,, ..., x,]]) N desingularizable algebras) <
(rn—r).

In the algebraic and geometric viewpoints, by deformation we
mean ‘“flat deformations”’; topologists don’t usually restrict themselves
to flat deformations, but those involved in question 1 are flat since the
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length of the algebra is constant. Questions 2 and 3 use the Zariski
topology on the scheme Slalg(k",1) or Hilb" A, respectively (see
later). When k=C or R, we let 2'a, 3'a, etc. denote the same
questions as 2a, 3a, etc. but with the complex or real topology on the
parameter schemes. We’ll say B is a 1-parameter deformation of A in
the complex topology if there is a 1-parameter flat family of algebras
A(t) with A(0) = A, and with A(t) = B for ¢ in a punctured neighbor-
hood of 0. We’ll say B is a deformation of A (in the complex
topology; or “deformation of A in the extended sense’ in the Zariski
topology) if every neighborhood of the point parametrizing A
contains a point parametrizing an algebra isomorphic to B. We claim
lie2ie 3i fori=a, b, c. Since the Zariski topology is weaker than
the complex or real topology, “yes’ to 2a (using the extended sense
of deformation) implies ““yes” to 2'a or 3'a. To be precise, geometric-
ally the algebra A(T) over K(T) is a deformation of A(0) if A[T] is
flat over k[T], the polynomial ring in one variable. This is the sense of
Note 2, and of the deformation k(T)[X]1/(X" — T) of k[X1/X" found
in §1.1. What we prove about the algebras A of sections 2.2 and 3.2 is
that every irreducible Zariski open W in the parameter variety
Slalg(k”, 1) or in Hilb" A, containing a point z parametrizing the
algebra A is such that the geometric points of an open in W
parametrize only local algebras, of the same type and kind as the
algebra A. Thus A has no deformations (not even infinitesimally) to
algebras of type or kind different than A, in any of the senses above.
Thus, for these algebras the answers to questions 2¢ and 3¢ are “no’’;
likewise they are counterexamples to questions 2'c, 3'c, and Ic.

We now discuss the relation of questions 1 and 3'. A finite mapping
germ F:C” to C™ is given by its local algebra, a quotient A =
k[xi,...,x.)/I plus generators fi,...,f, of the ideal I defining A.
There is always a stable map germ having its local algebra isomorphic
to a given algebra; deformations of stable germs are themselves
stable, and right-left equivalence of stable germs is the same as
isomorphism of their local algebras. A small 1-parameter deformation
of the stable germ F to F(t) = fi(t),..., fu(t) (where t € an open U
containing C or R), satisfying the condition that for all t € U — 0, the
algebra A(T) = k[xy, ..., x(f1(t), ..., fn(t)) has length n, in fact in-
duces a flat deformation of the quotient A to A(t), since constant
length is a criterion of flatness. The deformation of A to A(?) is
parametrized by an arc in Hilb" k[x,, . . ., x.], because of the universal
property of Hilb". Conversely, a flat 1-parameter deformation of I to
I(t) will satisfy I(t) = (fi(t),..., fu(t)) for t in some neighborhood of
0 (see [Tjurina]). We have merely noted that 1-parameter defor-
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mations of A can be recognized by what happens to a fixed set of
generators of the ideal I defining A as a quotient of k[x,,.. ., x,]. This
suffices to show question 1 < question 3.

We now compare questions 2 and 3. We first define the first of two
schemes, Slalg(k”, 1) and Hilb" A, which we use, and show they are
equivalent from the standpoint of our deformation questions. Choose
an element ““1”” = v, of the vector space k", and chose a complemen-
tary basis v,,...,v, to v;. An associative commutative (hence
semilocal) algebra with underlying vector space k" and identity “1” is
defined by a multiplication law vw; = 2{I7 ¢40, with ¢ € k. The ¢,
must satisfy certain polynomial conditions, such as c; = cj;;, which
define the subscheme Slalg(k”, 1) of affine n’® space in the variables
Xiis- We let Lalgr(k", 1) be the subscheme parametrizing Artin local
algebras of type T =ty t,..., with ty=1and n =2 t, We now give a
well-known lemma, showing that the minimal number of generators of
A is semicontinuous on Slalg(k”, 1).

LEMMA Al: If A(z) is the algebra parametrized by z, € Slalg(k", 1),
and has generators x,,...,x, € k", then xi,...,x, generate all k-al-
gebras A(z) parametrized by points of an open set U containing z,.

ProOOF: Suppose 1, uy,...,u, , are a set of monomials in x,,..., x,
which span A(zy). Then they are linearly independent and if 1,
u(z2),..., u,_1(z) denote the same monomial functions of x,..., x, in

A(z), these monomials are linearly independent in an open neighbor-
hood U of z, in Slalg(k", 1). For points z € U, the monomials are
independent, hence they span k" and x,, ..., x, generate A(z). B

With the notation above, suppose A(zy) = k[X,,..., X,]/I cor-
responds to the point w, of Hilb" A, = Hilb"(Symm E) with E =
Xi, ..., X. Thenif U is the neighborhood of lemma A.1, by the universal
property of Hilb" A, there is a morphism : U - Hilb" A, given by
A(z)—> k[X,, ..., X,1/I(z) where I(z)is the ideal of polynomials that are
0 when evaluated at x,, ..., x, in A(2).

COROLLARY A2: The morphism w is surjective onto a neighborhood
of wey in Hilb" A,, and is an open morphism on U.

ProoF: Clearly = is surjective into the locus of prime ideals I
where the intersection I N(1, u,,..., u,_,)=0, or the locus of prime
ideals where n sections (1,0,...,0),...,(0,...,0, u,—,) of the rank n
locally free sheaf (0 @ © - - - @O 0) remain independent; this locus is an
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open neighborhood of wy. It follows also that the image of an open
subset U’ of U is open. B

The equivalence of questions 2 and 3 follows from the Lemma A1l and
its Corollary.

We now consider local algebras of type T and compare the dimen-
sions of Lalgr(k", 1) and Z; = Hilb% R parametrizing type T quotient
algebras of the power series ring R = k[[ X, .. ., X,]]. By dimension of
the scheme X at the point x, noted dim(X, x) we mean inf(dim U|U a
neighborhood of x), where dim U is the dimension of the largest
component of U. We will use the notation (X, x) to denote a small
neighborhood of x in X. We let ¥ denote a filtration k" =
F,ODF D>---DF,=0 compatible with the type T: thus ¢ =
#F—#F,,;. We let Lalg(k", 1, %) parametrize local algebras on k"
with maximal ideal m = F, such that m’ = F. The following lemma is
self-evident.

LEMMA A3: Suppose zo€ Lalg(k", 1, %) parametrizes the algebra
A(zo),e generated by x,,...,x,; and that w, parametrizes the cor-
responding point of Zr,e and that U’ = U NLalg(k", 1, ¥) where Ue is
the neighborhood of Lemma Al. Then the morphism w: U'— w(U’) is
a fibration. If w € w(U’) parametrizes the quotient B = R/I then the
fibre w~'(w) parametrizes vector space isomorphisms of B to k",
taking 1 to 1, X; to x;, and preserving the filtration by taking m'B to F,.

|

We can now compare the dimension of the family of local algebras
of type T, in the two parametrizations.

PROPOSITION A4: Suppose z, is a point of Lalgr(k", 1) parametriz-
ing the algebra A(z) of type T=(1,r,t5...,0,0,0,...) and having
generators xi,...,x,; and suppose w, is the corresponding point of
Zr = HilbT R. Then dim(Lalgr(k", 1), zo) = dim(Z, wo) + (n — r)(n — 1).

ProoF: The difference (dim(Lalgr(k" 1), zo) — dim(Zy, w,)) is the
sum of the dimension of the fibre of U’ over (U’), and the dimension
of the family of filtrations on k" near the filtration induced by A(z,).
An isomorphism as in Lemma A3 from B to k" preserving the
filtration is an isomorphism mapping a complementary space E; to
F.,in F, to F, hence

dim of fibre W“I(W) = i (#E,)(#E) = 2 t,~(n —ty— == t,'_l).
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To choose a filtration, we may begin by choosing the smallest piece
F,, then choosing successively the image of F,., in k"/F,, ..., the
image of F, in k"/F,. The d-dimensional subspaces of a b-dimensional
vector space are parametrized by the Grassman variety Grass(d, b),
of dimension d(b — d) as a variety. Thus the dimension of the variety
giving filtrations on k", is

1
dim(Filtrations) = 2 (#(F F,)(#(k" Fy1y) = #(Fif Fiup))

1
Et(n—t, 1+1_"')-
s
The sum of the two contributions to the difference in dimensions is

Adim=t(n—t,—ty—- )+ D t:2n—ty—- - - — t,)
2

=t|+it,~(n)=r+(n—l—r)n
2
=(n—1)(n—-r) as claimed. ]

We let Triv C Slalg(k”, 1) parametrize trivial algebras on k" with
fixed identity, in other words algebras isomorphic to k& - - - @ k. We
note that the dimension dim(Triv)=n(n —1). For, such a trivial al-
gebra is uniquely determined by the choice of n different 1-dimen-
sional subspaces Vi,..., V, of k" (such that no proper sum of them
contains 1); given such a decomposition of k", we may write 1 =X A,
A € V;, and the multiplication law of the resulting algebra is deter-
mined by AA; = §;A:. On the other hand, the dimension of the open W
in Hilb" A, parametrizing nonsingular subschemes of A, is rn, the
number of ways of choosing n distinct points in affine r-space. We
regard R as the completed local ring at the origin of A, We con-
jecture that dim((Hilb"R)NW)2 (n—1)(r—1), but can conclude
from our discussion the weaker result

PROPOSITION A5: The dimension dim((Hilb" R)YNW) < (rn —r).

PrOOF: The closure Triv is a component of Slalg(k”, 1), having
dimension n?—n. Trivial algebras of length more than 1 have no
deformations to local algebras, so the intersection (Triv N Lalg(k”, 1))
is a proper closed subscheme of Triv and has dimension smaller than
(n*—n). We conclude from Lemmas Al, A4, and Corollary A2 that if
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T is a type with t, = r, then

dim(Zy N W) = (dim(Lalgr(k", 1) N Triv) — (n — 1)(n — r))
<((n*—=n)—(n—1)(n—-r),

or that dim(Z;y N W) < r(n — 1).

We now suppose r>r and T=(1,r,t,...); we consider Zr
parametrizing ideals of type T in R, and Z% parametrizing ideals of
type T in R’ =k[[X,,..., X,]]. If the ideals I and I’ of type T in R
and R’ respectively, satisfy I "R’ =1I’, and correspond to the points
z, 2z’ of Z7 and Z'’r, then we claim

dim(Zr, z) = dim(ZY%, z')+ (r— r')(n — 1).

From the claim, and from the first part of the proof, we would
conclude dim(Zp, z2)< @' (n—-1)+(r—r)Yn—-1)=r(n—1), which is
the assertion of the Proposition.

ProOOF OF cLAIM: The variables X|,..., X, generate the algebra
A =R/I, and will continue to generate algebras near A. Suppose
1, uy, ..., U,_y are monomials in X, ..., X, spanning algebras near A.
An ideal J in R near I, such that J has type T and J "R’ =J’, is such
that J’ also has type T, and there are constants a;; € k, with r' <i=<r
and 1= s =n —1, such that

r<is r})

n—1
J = (J’, {(Xz + Z aisus)
s=1

Conversely, an ideal J' of type T in R’, and an arbitrary set of
constants a;; determine as above an ideal J of type T in R. It is now
easy to verify that the mapping J - J' induces a morphism (Zr, z) to
(Z%, z') with fibre an affine space of dimension (r —r')(n —1). This
proves the claim and completes the proof of the Proposition. |
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